Abstract-In this paper, we propose a systematic solution to the leader-follower consensus of a class of nonholonomic chained form systems. The control design, which is reminiscent of terminal sliding mode and multi-surface sliding mode control methods, is presented to guarantee the convergence of multiple sliding surfaces, which also implies the convergence of the proposed consensus error function. On these sliding surfaces, the desired leader-follower consensus can be reached for multi-agent network formed by the nonholonomic chained form systems.
INTRODUCTION
Cooperative consensus control of multi-agent networks poses significant theoretical and practical challenges. First, the research objective is to develop a system of subsystems rather than a single system. Second, the communication bandwidth and connectivity of the team are often limited, and the information exchange among agents may be unreliable. Third, arbitration between team goals and individual goals needs to be negotiated. Fourth, the computational resources of each individual agent will always be limited [1] . In recent years, there has been an increasing research interest in the consensus control design of multi-agent networks [2] [3] [4] [5] .
The objective of this paper is to address the leader-follower consensus control problem of a class of nonholonomic systems. The leader-follower consensus considered here is a special class of leader-follower consensus, where the consensus simply implies that Based on the previous work on terminal sliding mode control, we present in this paper a nonsmooth finite time consensus control for the h x subsystem. It is seen that the nonsmooth finite time control needs to guarantee the leaderfollower consensus among the agents in the network before ,0 0 h u = . The proposed design procedure is stepwise and relies upon the canonical structure of the system. Using the consensus error dynamic equation introduced in (6), the consensus problem is converted to the stability problem of the error dynamic equations in (10).
II. BACKGROUND AND PRELIMINARIES
A.
Concepts in Graph Theory and Multi-agent Networks
Consider a multi-agent system consisting of one leader agent and m follower agents. To solve the coordination problems and to model the information exchange between robots, graph theory is introduced here. Let ={.,} be a directed graph, where . { } 1, 2, , m = ! is the set of nodes, node h represents the h th agent, is the set of edges, and an edge in is denoted by an ordered pair ( )
, .
( . ) h j h j ∈ if and only if the h th agent can send information to the j th agent directly, but not necessarily vice versa. In contrast to a directed graph, the pairs of nodes in an undirected graph are unordered, where the edge ( ) , h j denotes that agent h and j can obtain information from each other. Therefore, an undirected graph can be viewed as a special case of a directed graph. A directed tree is a directed graph, where every node has exactly one parent except for the root, and the root has a directed path to every other node. A directed spanning tree of is a directed tree that contains all nodes of [1] . Matrix 
The connection weight between the h th robot and the leader robot is denoted by h b with 1 h b = if there is an edge between the h th robot and the leader robot. The following theorems present the existing results on Laplacian matrix and graph theory. In this paper, the network considered here consists of 1 m + agents where an agent indexed by 0 acts as the leader and the other agents indexed by 1, , m ! , are referred to as the follower agents. The topology relationships among the leader and followers is described by a directed graph ={.,} with 
} as the subgraph of , which is formed by the m followers, where 
The connection weight between robot i and the leader robot is denoted by 
If the graph has a directed spanning tree and if
III. PROBLEM FORMULATION The purpose of this paper is to consider m +1 agents network where each agent is modeled by nonholonomic system in chained form as follows [9, 10] : 
A. Motivating example
A bilinear model of a mobile robot considered has often been used as a benchmark example in the recent literature on nonholonomic control system design. The bilinear model of the mobile robot can be modeled by the following differential equations [9, 11] :
where ( , )
l l x y denotes the position of the center of mass of the mobile robot, θ is the heading angle of the robot, v the forward velocity while ω the angular velocity of the robot.
The leader-follower consensus control of this system falls into our class of leader-follower consensus control of nonholonomic systems to be studied in this paper.
The reachability of leader-follower consensus for the class of nonholonomic systems considered here implies that the position of all agents converges to the leader's state. Refereeing to the class of nonholonomic systems in equation (8) To avoid this phenomenon, state scaling discontinuous transformation was introduced in [10, [12] [13] [14] . Another approach to ovoid this phenomenon is to design a finite time controller to guarantee the finite time convergence of the h xsubsystem to first converge to zero and then, follow by the convergence of the ,0 h x subsystem [15] . Motivated by [15] , in this paper, we will design a finite-time controller to ensure the finite-time leader-follower consensus of the h x -subsystem, and then follow by the asymptotic consensus of the ,0 h x subsystem.
B. Leader-follower consensus error dynamic equations
Differentiating the consensus error dynamic in (6) with respect to time and using equation (8) 
1
It is easy to see that by designing hj Proof: By defining 0
, and 0 
, using (14) and (15), we have: ii. For case
, using (15) in (14), we get: 
IV. MULTI-SURFACE SLIDING CONTROL DESIGN
In this section, we focus on designing the control input ,1 h u to ensure leader-follower consensus, that is, the convergence of It is seen that sub-system 1 in (10) is not in the purefeedback form. Therefore, it is difficult to design multi-surface sliding controller for this type of system. We propose the following coordinate transformation to transform sub-system 1 in (10) to the conventional pure-feedback form by defining: 2 shows the effectiveness of the proposed terminal multi-surface sliding control scheme in (13) , (24), and (28). It is seen that the nonholonomic bilinear followers can track the nonholonomic bilinear leader.
VI. CONCLUSION
A systematic design procedure is developed in this paper for a special class of leader-follower consensus. The system considered is a class of nonholonomic systems in chained form. It is seen that the leader-follower consensus problem is converted to a stabilization problem using the proposed consensus error dynamic function. The main advantages of the proposed stepwise control design procedure are its simplicity and its easy adaptation to nonholonomic system with input disturbances.
